An optical strip test to determine calcium is proposed. The membrane consists of a polyester sheet and an active layer composed of a cation-selective neutral ionophore, such as 18-crown-6-ether, a proton selective neutral chromoionophore, such as lipophilised Nile Blue, and potassium tetrakis(4-chlorophenyl)borate as a lipophilic salt. The membrane responds reversibly to calcium ions by an ion-exchange mechanism, changing its colour from blue to red. All experimental variables that influence test strip response, especially in terms of selectivity and response time, have been studied. The system responded linearly in activities in the range 0.046-134 mM. The detection limit is 0.046 mM, the reproducibility intermembrane at a medium level of the range was 8.5%, as relative standard deviation (R.S.D.) of loga Ca 2+ and 2.7% as intramembrane.
Introduction
At the present time, the importance of reliable and easy-to-operate tools for on-site analysis is growing in analytical chemistry. These methods of chemical analysis constitute a rapid, simple and cheap way to detect and determine substances without trained personnel or complicated sample treatment. Test methods are specially adapted and integrated analytical methods, both reactions and processes, and consist of a chemical, biochemical or immunological reaction along with a system for evaluation that are well fitted each to other, and the analyses using quick tests can be accomplished both in solution or in solid phase [1] .
The solid state analysis devices or dry-chemical methods [2] were introduced in the 1980s, especially in the field of clinical diagnosis, and have become increasing important. These are analytical formulations in which all the reagents necessary for analysis are present in a dry state on or in absorptive or swelling carriers or films and are mounted in the form of devices, so-called test carriers such as test strips or slides [3] . The contact of the strip with the problem triggers a set of reactions and processes that make the estimation of the analyte present possible. This estimation can be done visually using a colour scale to obtain a qualitative or semi-quantitative assay value, or using a small instrument especially designed for this purpose, which usually measures some optical property (reflection, absorbance, fluorescence, etc.). Particular advantages of test strips are: ease in handling, short analysis time, small instrumentation, and low cost. Additionally, no liquid reagents are required and there are therefore no problems associated with the disposal of chemicals. Their main disadvantage is that they sometimes produce semi-quantitative conclusions due to low accuracy.
Test strips have especially been used in clinical chemistry to analyse blood metabolites, enzymes, therapeutic drugs and electrolytes [2] Different sensing schemes for metal ions [4] based on irreversible or reversible reactions or processes that use intrinsic [5] or extrinsic [6, 7] properties have been proposed.
However, test strips developed for metals ions, especially for alkaline and alkaline-earth ions, have been used most widely in the ionophore-based chemistries because of the interest in this field in clinical chemistry. The most common method is based on an ionexchange between a hydrophobic phase containing a neutral ionophore, usually coronands, cryptands or podands, capable of binding the metal ion, from an aqueous solution, and a proton-selective chromoionophore that changes its colour or fluorescence by releasing protons during the phase when this metal ion is taken. The amount of coloured indicator formed is proportional to the concentration of the ion detected.
The different methods for rapid diagnosis of ions based on this principle, to date, differ mainly only in the way they are carried out. In order to put the analyte in contact with the test strip quickly, the process usually takes place in two phases: a hydrophobic phase that consists of relatively non-volatile organic liquids and/or plasticised hydrophobic polymers, and a porous hydrophilic substrate. There are various approaches: (a) without the hydrophilic phase. In this case the ionophore is incorporated into a nonporous nonpolar carrier matrix, usually plasticised PVC placed on an opaque support. The contact with the sample containing the chromoionophore and the buffer make it possible, after washing the test device, to measure the reflectance [8] or the absorbance (if the support is transparent) [9] ; (b) with the use of solid particles impregnated as in [10] that use reflecting particles which are held together by a polymer binding agent (i.e. cellulose acetate) which is permeable by the analyte. The ionophore and chromoionophore dissolved in a low vapour pressure solvent are located in the surface of the particles (TiO 2 or other). Alternatively, Fritz et al. [3] have eliminated the binding agent using a hydrophobic phase containing a film-forming polymer, plasticiser, ionophore and chromoionophore and homogeneously dispersed particles (kieselguhr) as a film opener. Another possibility is to coat the particles with the aqueous phase, containing the buffer and other components, by evaporation, spray drying or freeze drying and then stir it into the organic solution of the hydrophobic phase or, on the contrary, to coat it with the hydrophobic phase and re-coat it with the aqueous solution [11] ; (c) the use of a porous carrier matrix impregnated with an organic, hydrophobic phase containing the plasticiser, ionophore and chromoionophore. Paper, containing a buffering substance, is the most common porous carrier [12] . Other more homogeneous hydrophilic matrix carriers use paper/gelatine, as Charlton did, to embed the organic hydrophobic phase, which contained reagents and a plasticiser in the form of small droplets [13] ; (d) the use of emulsions in both phases as in [14] where hydrophilic organic polymers, containing a buffer, are distributed as a discontinuous phase in a hydrophobic film-forming organic polymer, containing reagents and a plasticiser and prepared as a W/O dispersion.
Tests strips usually possess additional layers that fulfil auxiliary functions, such as spreading layers, reflection layers, or barrier layers as well as additional components, such as complexing agents to mask interfering ions, wetting agents, photochemical stabilizers or preservative thickening agents.
In this paper, we propose a new method to determine calcium by a non-continuous but reversible optical test strip, which is a sheet of polyester used as support with a microzone that contains the chemistries needed to selectively respond quantitatively to calcium by modifying its colour. The test strip proposed here for calcium is based on the use of ionophore and chromoionophore and works by an ion-exchange mechanism [15] .
From the different ionophores existing for calcium we selected the 18-crown-6-ether, because it is selective enough for its intended application, which is the routine quality control of water. When it is used as an extractant for alkaline and alkaline-earth ions the selectivity sequence found for 18-crown-6-ether is: K > Rb > Cs > Na > Li and Sr ≈ Ba > Ca [16] ; however the selection of appropriate conditions makes a good selectivity for calcium possible. Additionally this ionophore is a part of a chromoionophore, the 5-(4 -nitrophenylazo)-2-hydroxy-1,3-xylyl-18-crown-5, that has been used to develop optical sensors for potassium [17] and calcium [18] .
All the experimental variables that influence the test strip response have been studied, especially, its analytical parameters. The proposed method for calcium determination in natural waters is quick, inexpensive, selective and sensitive and uses only conventional instrumentation.
Experimental

Apparatus and software
A Hewlett Packard HP-8453 diode array spectrophotometer (Nortwalk, CT, USA) interfaced to a Pentium MMX 200 microcomputer via a HP IB interface board and HP IB cable for spectral acquisition and subsequent manipulation of data was used to perform the absorbance measurements. As software for the acquisition and manipulation of the spectral data, the UV-VIS Chemstation software package supplied by HP was used. To obtain the absorbance measurements, a 44 mm high, 12 mm homemade cell holder constructed in a wide black painted iron block was used. The diameter of the central hole of the cell holders is 5 mm in diameter and placed 11.5 mm from the base. The cell holder contains a 1 mm thick space for the introduction of the strip (Fig. 1) .
Other apparatus and laboratory materials were: a laboratory-made spin-on device [19] , a 50 l micropipette Brand GMBH (Wertheim/Main, Germany), a Crison (Crison Instruments, Barcelona, Spain) digital pH-meter with combined glass-saturated electrode, and an ultrasonic bath (Selecta, Ultrasons, Barcelona, Spain).
Software programs used for the treatment of the data were: Statgraphics software package (Manugistics Inc. and Statistical Graphics Corporation, USA, 1992), Ver. 6.0 STSC Inc. Statistical Graphics Corporations, USA, 
Reagents and materials
Calcium stock solution (1000 mg l −1 ) was prepared in water by exactly weighing analytical reagent grade dry calcium carbonate (Merck, Darmstadt, Germany) adding 1:1 HCl until dissolution (pH 2.2). Solutions of lower concentration were prepared by dilution with water. The stock solutions of 1000 mg l −1 of the following ions were also used: Mg(II), Sr(II), Ba(II), Na(I) and K(I) as chloride, all supplied by Merck (Darmstadt, Germany). Diethanolammonium/diethanolamine pH 8.5, 0.2 M buffer solution from diethanolamine (Probus, Barcelona, Spain) and HCl.
For preparing the optode films poly(vinyl chloride) (PVC; high molecular weight), 18-crown-6-ether, tributylphosphate (TBP), 2-nitrophenyloctylether (NPOE), bis(2-ethylhexyl) sebacate (DOS) and tetrahydrofuran (THF) were purchased from Sigma (Sigma-Aldrich Química SA, Madrid, Spain) and sodium tetrakis [3,5-bis(trifluoromethyl)phenyl] borate (NaTm(CF 3 )PB) and potassium tetrakis (4-chlorophenyl)borate (KTpClPB) were purchased from Fluka (Fluka, Madrid, Spain). The lypophilised Nile Blue ( 1,2-benzo-7-(diethylamino)-3-(octadecanoylimino) phenoxazine, ETH 5294) was synthesised, purified and identified by us according to [20] . Sheets of polyester type Mylar (Goodfellow, Cambridge, UK) were used as support. All chemicals used were of analytical-reagent grade. Reverse-osmosis type quality water (Milli-RO 12 plus Milli-Q station from Millipore) was used throughout.
Membrane preparation
Mixtures for the preparation of calcium-sensitive membranes were made from a batch of 25.0 mg (27.0 wt.%) of PVC, 63.0 mg (68.0 wt.%) of TBP, 0.45 mg (0.48 wt.%) of 18-crown-6-ether, 2 mg (2.17 wt.%) of lypophilised Nile Blue and 1.7 mg (1.84 wt.%) of KTpClPB. The membrane components were dissolved in 1 ml of freshly distilled THF. Using a homemade spin-on device, the single-use membranes were cast by placing 20 l of the mixture on a 14 mm × 40 mm × 0.5 mm thick polyester sheet. 30 s after deposit, the rotation was stopped and the membrane was left in a dryer with saturated THF atmosphere for 3 min at room temperature to enable a slow evaporation of the THF. The physical characteristics of the sensing zone were as follows: solid and homogeneous 6 mm Ø circular film, transparent and red colour, well adhered to the solid support. The resulting sensing layer was calculated to have a thickness of about 7 m. The concentration of the ionophore, chromoionophore and anionic sites in a dry, thin film obtained as described earlier was calculated to be 18.47, 37.17 and 37.17 mmol kg −1 , respectively.
Absorbance measurements
The analytical parameter was the absorbance of the sensing area of the disposable sheet measured at 655 nm against a Mylar polyester sheet. The absorbance measurements were obtained with the use of the cell holder described earlier, which improves its reproducibility, so that it is measured in a zone with a constant diameter (5 mm), which is inferior to the diameter of the active zone of the test strip. Thus, we avoid variability in the size of the zone between one membrane another.
Procedure for samples and standards
An aliquot of aqueous standard solution containing between 0.046 and 134 mM in activities (0.089 and 1000 mM in concentrations) of calcium was placed in a 50 ml flask and then 5 ml of pH 8.5, 0.2 M diethanolammonium/diethanolamine buffer solution was added. Then 10 ml of the above solution was placed in a 10 cm × 1.5 cm polyethylene plastic tube and a disposable strip was introduced for 5 min into the tube without shaking. Next, the membrane was pulled out from the solution, wiped to remove any solution droplets and its absorbance measured as described in Section 2.4. All measurements were carried out at room temperature. The membranes were not conditioned before use.
In the case of the water samples, 10 ml of water was introduced in a polyethylene tube together with 0.5 ml of pH 8.5, 0.2 M diethanolammonium/diethanolamine buffer solution then operating as described earlier.
Calculations
In order to calculated the K e and thus to obtain an optimum fit of the experimental data, we selected the method of least-squares approximation [21, 22] . To accomplish this, the second part of the Eq. (1) was broken down as follows:
If we defined: log a Ca 2+ /a 2 H + = X i ; C = −log K e and
The condition to meet would be to minimise the distance between Y i and X i in agreement with
To obtain this estimation of K e we only take values in the maximum slope zone of the calibration curves which provides us with more information and less error.
The maximum and minimum absorbance values (A HC + and A C ) necessary for calculating the degree of protonation 1 − α of chromoionophore from the spectra, were determined after equilibrating test strips with 10 −2 M HCl and 10 −2 M sodium hydroxide, respectively; but since the chromoionophore cannot be fully protonated (1 − α ∼ = 0.85) at the working pH (8.5), we define an effective α value, α eff , in order to use a measurement which gives us the degree of protonation with respect to pH 8.5 buffer solutions.
Thus, we calculate the maximum and the minimum absorbance values, A buffer and A C , equilibrating test strips with 10 −2 M HCl and 2 × 10 −2 M diethanolammonium/diethanolamine buffer.
Activities were calculated according to the Debye Hückel formalism [23] .
Results and discussion
The present single-use bulk system works on the basis of a cation exchange system between a complete organic phase of plasticised PVC membrane and the aqueous phase, as described in [24] . The principle of the operation is only briefly summarised here since the details are already given elsewhere [19] . The membrane contains the Ca 2+ selective ionophore L, the chromoionophore C selective for the hydrogen ions H + , giving both the positively charged species in the membrane phase, CaL 2+ p and HC + , where p is the stoichiometry of the complexes formed. An alkaline salt of a highly lipophilic anion R − is also incorporated into the membrane for reasons of electroneutrality. For the single-use membrane in contact with an aqueous solution containing calcium ions, the following ion-exchange equilibrium holds, if the ionophore is assumed to form a 1:1 complex with calcium:
resulting in a mass transfer of calcium ions into the bulk of the organic membrane phase.
This equilibrium is characterised by the constant K e defined as
is the stability constant of the calcium complex, β HC + is the association constant of C and K Ca 2+ and K H + are the distribution coefficients between the sensing zone and sample of the two cations involved.
The activities of Ca 2+ and H + in the sample determine its concentrations in the single-use sensor. By using the absorbance of the protonated form of chromoionophore, that is the measurable species in membrane phase, the degree of protonation 1 − α is obtained. 1 − α is defined as the ratio of protonated chromoionophore to its analytical concentration C 0 and it is connected to the apparent absorbance values as follows:
where A is the absorbance of the chromoionophore for a given equilibrium, and A HC + and A C are the absorbance values at the fully protonated and deprotonated compound. As we indicated in Section 2.6 we used an effective α value, α eff .
The ion activities ratio in aqueous phase is related to the equilibrium constant K e and α through the response function
where I 0 , C 0 and R 0 are the analytical concentrations of ionophore, chromoionophore and lipophilic anion, respectively. We ignore the activity coefficients in the membrane phase. To optically determine calcium activities, the pH value is adjusted with an appropriate buffer solution in order to keep the pH value constant.
If along with the primary ion I v+ there is an interferent species J z + that competes with the same ionophore L forming the complexes IL v+ p y JL z+ q , the test strip response would be given by
Therefore, the selectivity coefficient is defined as the activities quotient between the principal ion and the interferent
Substituting from Eq. (1), this gives us:
Always when v = zyp = q the selectivity coefficient will be equal to the quotient of the respective equilibrium constants.
Optimisation of test strip response
Experimental parameters
The parameters that can potentially influence the optical response can be classified in two groups: (a) parameters related to the design and composition of the membrane (proportions of the cocktail components, volume of cocktail and conditions used for membrane making), (b) parameters related to the equilibration process between the sample solution and the test strip (pH, time of contact and calcium activity).
Membrane composition
The optimisation of the composition of membrane is carried out in two different ways: first the optimal proportions of the ionophore, lipophilic anion and chromoionophore are established; to do this, the proportions that result in a higher selectivity in the membrane in the face of interferent species are established. Once the proportions of these components are fixed, the quantity of PVC and the type and quantity of the plasticiser are optimised, via a study of the kinetic of the process.
For the lipophilic anion we tested [3,5-bis(trifluoromethyl)phenyl] borate (NaTm(CF 3 )PB) and potassium tetrakis (4-chlorophenyl)borate (KTpClPB) discovering that the first did not provide a response, leading us to select KTpClPB. As a plasticiser we tested TBP, DOS and NPOE. The best results were obtained using TBP as a plasticiser in the order TBP > DOS NPOE. Due to the influence that the lipophilic anions present in the membrane exercise over the selectivity [25] , the optimal concentration to reach maximum calcium selectivity was established. To do this, the selectivity coefficient K j Ca for Na(I), K(I), and Mg(II) was calculated, using the method of separate solutions [26] . To carry this out, the quantity of the chromoionophore was kept constant while the molar ratio of lipophilic anion to ionophore was varied. The quantity of the chromoionophore used is that which is adequate to minimise photometric error in the measurement of the absorbance. Fig. 2 shows that the best selectivity against the main interfering ions, Mg(II), Na(I) and K(I), is obtained by using the ratio of lipophilic anion to a ligand of two. Despite the fact that there is slightly better selectivity for Mg(II) with a ratio of 1.5, a ratio of 2 was selected because of its greater selectivity for alkaline ions. Table 1 shows the value of the selectivity coefficient using membranes with a ratio of lipophilic anion to ligand of two for alkaline ions and alkaline-earth ions.
To optimise the amounts of polymer PVC and plasticiser TBP, we studied the response time of test strips containing different amounts ranging from 50 to 80 wt.% in TBP. For these experiments, the strip was placed on one side of a 10 mm path-length optical cell, and 5 ml of 1.57 × 10 −2 M in activities (5 × 10 −2 M in concentrations) of Ca(II) solution was added. The response time to reach the equilibrium was: 5.5 min for 48%; 4.0 min for 58%; 3.0 for 68% and 5.5 for 78%. The rate increased with the amount of TBP, as did the physical properties, up to a percentage of TBP around 68%. With amounts higher than this, both the rate and the physical properties are worse because the membrane is less homogeneous and the drying time increases. A 68% of TBP was selected as the optimum percentage for all the subsequent experiments. These results were corroborated by preparing test strips with different percentages of PVC and studying the response time. In this case a 28% of PVC was found to be optimal.
To optimise the quantity of THF, 10 mixtures of all the components were made by dissolution in different volumes of THF from 0.5 to 2.5 ml, checking that higher volumes of THF lower the viscosity of the mixture of the reagents, and hence the thickness of the membrane and the analytical signal. Lesser THF volumes increase the cocktail viscosity, hindering the construction of the membrane and diminishing the repeatability of the absorbance measurements. For this reason, 1 ml of THF as solvent was selected.
Another parameter related to the preparation of the sensing zone that could potentially influence the response to the calcium is the volume of cocktail placed in the support. The minimum volume would be that which is adequate to obtain a diameter and thickness of the membrane which ensures that the diameter of the circular film formed is slightly lower than the width of the sheet of polyester, and higher than the width of the radiation beam of the spectrophotometer and where the absorbance is not excessively high. Thus, 15 l of cocktail was selected. 
Reaction parameters
Parameters that should influence the response to calcium are pH, reaction time and calcium activity. In order to test the influence of pH we studied the response of the test strip to different activities of calcium at a different pH values (Fig. 3) . Only at pH values above 7 did the exchange reaction of H + by Ca 2+ between membrane and bulk solution begin. We selected 8.5 as the working pH with the goal of gaining a greater selectivity [24] . As a buffer we selected pH 8.5 diethanolammonium/diethanolamine 2 × 10 −2 M solution. The response time, which was studied above, compares favourably with the theoretically expected value [24, 27] for the diffusion of calcium within a 7 m thick plasticised PVC membrane.
The optical response of the disposable strip based on 18-crown-6-ether ionophore to calcium activities between 5.2 × 10 −8 and 0.134 M in activities (10 −7 and 1 M in concentration) at pH 8.5 is shown in Fig. 4 . For ions with a charge higher than 1, the effect of stoichiometry on the response curve is small and a clear distinction between different stoichiometries is difficult to make from the prior curve [28] . In order to select the possible stoichiometry we defined the summation of residual squares between experimental points and theoretical curves for different stoichiometries (from Eq. (1)). The results obtained (4.6 × 10 −3 (p = 1); 5.2 × 10 −3 (p = 2) and 6.9 × 10 −3 (p = 3)) suggest a 1:1 stoichiometry calcium:ionophore.
On the other hand the fit by least-squares of the experimental points, in the linear maximum slope zone (eight different concentration levels and nine replicates of each one) of the calibration curve, to the mathematical model indicated by Eq. (1), makes it possible for us to calculate for log K e the value 15.48.
Analytical parameters
The measuring range of a bulk optode has been defined in the literature in two ways: (a) as a linear relationship in the middle of the sigmoidal response function, defined in a way that the slope does not deviate more than 1 or 0.1% of its maximum value. This is problematic in that the measuring range is very limited [19] ; (b) taking into account the non-linear behaviour of the activities between the upper and lower limits of the measuring range [19, 24] . So, it depends on the definition of the detection limit, as we see later. However, we prefer to use a linear measuring range, defined by means a lack-of-fit test, because this method offers two advantages-a simpler calculation and an interpolation with less error.
Different approximations have been used for the detection limit of ion-selective bulk optodes depending on two factors: interference from other ions and loss of sensitivity due to the sigmoidal shape of the response function [29] . The calculation of the detection limit due to interference is not possible in our case, using the α eff parameter, because no interference from the background is observed.
Two different approaches have been used in the literature to calculate the detection limit based on the loss of sensitivity due to the sigmoidal response curve: (a) using the standard deviation of the background signal [30] ; which means that the intersection of the theoretical response function and the lower value of this uncertainty (three times the noise) define the detection limit. In our case this value is 0.144 mM; (b) concentration where the slope of the response function is half the maximum [31] . In this case the detection limit is 0.102 mM.
Despite the above, we prefer to define the detection limit in another way, in that we do not propose to use the sigmoidal response function as this leads to a larger interpolation error in the low slope zone. Rather, as we said earlier, we approximate the maximum slope zone from the response function to a linear function, confirming it with a lack-of-fit test. In this way a dynamic linear range which facilitates the interpolation is established. We define the lower detection limit as the activity that corresponds to the intersection of the linear calibration function defined earlier and a linear function adjusted in the minimal slope zone (background), as is shown in Fig. 5 . In order to determine this in our case, we prepared two series of standards; one in the maximum slope zone (eight standards, nine replicates each one, each replicate is measured with the same test strip), between 2.6 × 10 −4 and 1.3 × 10 −1 in activities (5 × 10 −4 and 1 M in concentration), and other in the minimum slope zone of lower activity (six standards, nine replicates each one, again each replicate is measured with the same test strip), between 5.2 × 10 −8 and 2.6 × 10 −5 in activities (10 −7 and 5 × 10 −5 M in concentration). The linearity of both series was tested by applying the lack-of-fit test as suggested by the Analytical Methods Committee [32] (Fig. 5) . The interception of both functions gives us a LD of 0.046 mM. The upper limit of the measuring range was obtained from the intercept of the linear calibration function with the axis of abscise; the value obtained is 519 mM. So, the measuring range for calcium determination is between 0.046 and 519 mM, expressed both in activities. But in practice we prefer to use the value in activities of 134 mM (1000 mM in concentration) as the upper limit of the measuring range because it is the higher value tested.
The precision using the same disposable strip, expressed as relative standard deviation (R.S.D.), was obtained for three activity levels of calcium 2.6×10 −4 , 2.4×10 −3 and 7.7×10 −2 M (5×10 −4 M, 5 × 10 −3 and 5 × 10 −1 M in concentrations) and 10 replicates of each one, and has values of 2.8, 2.7 and 8.4% for log a Ca 2+ [33] . The repeatability using different test strips was determined as above, using three If we compare this with a test strip for calcium that we proposed earlier (7) which was based on a complex formation with Chlorophosphonazo III retained in a PVC film as an ionic pair, we find that the analytical range of this new one is broader ((2-8) × 10 −5 M in the previous test strip), the reproducibility is similar despite the fact that the response in one case is linear and in the other logarithmic, and the analysis time is shorter here than with the earlier one (15 min).
Application of the method
In order to assess the usefulness of the proposed method for the determination of calcium, it was applied to actual samples of waters of diverse provenance (spring, mineral, and tap). Table 3 shows the results obtained using the test strip proposed here with a complexometric titrimetry [33] used as a reference method. Table 3 also includes the mean values from three determinations of each sample, standard deviations of these measurements and the probability value (P val ) of the test used for the comparison of the measurements obtained for both methods. As can be seen, the results obtained for both methods are statistically similar.
Conclusion
We have designed a single-use reversible optical strip based on a neutral ionophore which measures by transmission and offers quite good repeatability, a short response time and which can be considered as an inexpensive alternative for obtaining analytical information. The prepared film optode has sufficient selectivity for the determination of calcium in natural waters and could be successfully applied to the determination of this ion in waters of different provenance. Only needing buffering, this sensor offers good results, with an accuracy, precision and cost that make it useful for routine analysis with portable equipment.
